ABSTRACT: A non-invasive imaging system, consisting of an ellipsoidal conductive cavity and radiometric receivers, designed and constructed in our laboratory the past few years is restudied. In order to enhance the system's focusing properties thus its performance, the head is covered by a dielectric matching layer while the receiving antenna is more realistically modelled and also covered by two layers of dielectric properties similar to those of the head. The electric field distribution inside the head is calculated for two frequencies and for matching layers of different dielectric properties and thicknesses, through a theoretical electromagnetic analysis using a Green's function technique. Sensitivity of the system focusing properties is observed when the head or the source center is moved away from the system's geometrical focal areas.
Introduction
The development of medical imaging techniques such as positron emission tomography (PET) and magnetic resonance imaging (MRI) gave researchers interested in the function of the human brain, the opportunity to examine noninvasively the neurobiological correlates of human behavior. A non-invasive imaging system, that consists of an ellipsoidal conductive cavity and a radiometric receiver, for brain imaging applications based on the microwave radiometry technique, has been designed and constructed in our laboratory over the past few years [1] - [3] . Experimental data provide promising results concerning the system's capability of detecting temperature or conductivity variations in phantoms and biological tissues and thus, possibly opens up new prospects of contributing to the examination of brain function. The novelty of this imaging method lays in the use of the ellipsoidal as it provides convergence of the radiated electromagnetic energy from the human brain placed on one focal point on the other focus where the receiving antenna is placed.
The focusing ability of the system in specific cortical areas with the desired spatial resolution and detection depth is of great importance for the evaluation of the system as a possible complementary clinical tool. In this context, towards the enhancement of the system's focusing properties, in recent work carried out by our group, the receiving antenna was covered by two layers of different dielectric properties [4] . Moving on to a further stage the receiving antenna was more realistically modeled by two parallel current line sources in order to minimize artefacts deriving from the antenna modeled by a single line source [5] . Based on the results of this theoretical electromagnetic analysis, a means for further improvement of the focusing properties of the ellipsoidal reflector is herein investigated. The main differentiating factor of our new approach is that a lossless dielectric layer is placed on the surface of the human head model for further focusing improvement.
For the purposes of the present research, the calculation of the field distribution inside an ellipsoidal conductive cavity in the presence of a human head, and especially the focusing properties of the elliptical reflector is carried out by implementing a semi-analytical technique, which is based on the use of the dyadic's Green's function theory. This methodology is implemented in order to assess the focusing optimization of the system in terms of spatial accuracy and detection depth. 
Materials and method
The geometry of the problem is depicted in figure 1 . The head is modeled by a double-layered cylinder with radii b 1 , and b 2 . The two layers are used to simulate different biological media; bone and brain (gray matter) tissues. The head model is surrounded by a third dielectric cylinder with radius b 3 . The center of the head is placed on a selected point (x b , y b ). The system is excited by two linear current sources which are surrounded by a double-layered cylinder with radii a 1 and a 2 whose center is placed on a selected point (x a , y a ). The sources' axes are considered parallel to z-axis.
According to the Reciprocity theorem, a response of a system to a source is unchanged when source and measurer are interchanged. Hence the response of the head model to the excitation generated by the antenna is calculated. In the following analysis the sources surrounded by the double-layered cylinder are initially examined as an independent problem (figure 2). Green's function in each region i=1,2,3 of space is properly expanded to an infinite sum of cylindrical waves satisfying the appropriate vector wave equation. The coordinate system we use has origin the center of the cylinder as shown in figure 2. Cylindrical coordinates are used, with unit vectors p a and φ a . The sources are located in two selected points with cylindrical coordinates p 1 and φ 1 and p 2 and φ 2 . The following expressions describe the electric-type Green's function in the three regions of space.
Region 1:
where G 01 ( p a , p 1 ) and G 02 ( p a , p 2 ), the contributions of the antennas. Region 2:
Region 3:
where n ai = √ ε i , and a k , b k , b k and c k unknown coefficients determined by the boundary conditions on the interfaces p a = a 1 , a 2 . So it is evident that the Green's function can be calculated at any point.
Following, the system is examined using a new coordinate system which has origin the center of the double-layered head model. Cylindrical coordinates are used, with unit vectors p b , φ b .The following expressions describe the electric-type Green's functions in the four regions of space. Region 1:
Region 2:
Region 3: 
where G 3ad isG 3 ( p a )for the new coordinate system:
Following the unknown coefficients q k , S k , W k , r k ,t k are determined by the boundary conditions on the interfaces p b = b 1 , b 2 and four linear equations are obtained. The remaining boundary condition to be imposed is on the conductive ellipse. Hence, a Cartesian coordinate system is used, with origin the point of section of the major and minor axes of the ellipse. The infinite sum with respect to k is convergent and hence it can be truncated to a finite one. The electric field on the ellipse must be zero, so the following equation can be obtained:
z k and P k are known coefficients that contain the four remaining coefficients: q k , S k , W k , t k and r a the only unknown coefficient It is evident that the electric field can be calculated at any point inside the ellipse, inside and outside the human head model and inside and outside the double-layered cylinder that covers the sources.
Results
The present paper presents numerical results for the electric field distribution inside the head model for three different cases. Initially, its centre is set at the first focal point where the double layered cylinder centre is placed on the other focal point and the two current sources are placed at the centre of the dielectrics having a distance of 0.01m from one another (case 1). Subsequently its centre is placed in various positions inside the ellipse while keeping still the sources and the dielectric cylinders (case 2). Finally it is kept still on the first focal point and the sources surrounded by the dielectric cylinders are placed in various positions (case 3).
Two main operating frequencies are used, namely 0.5 GHz, and 1GHz. The dimensions of the ellipse used for the computation is 150 cm for the major and 120cm for the minor axe. The dielectric properties of the tissue composition used for the computation are ε 1 = 48.417667, σ 1 = 0.626460 for brain (gray matter) and ε 2 = 17.447731, σ 2 = 0.177212 for skull at 0.5 GHz and ε 1 = 45.429596, σ 1 = 0.803625 for brain (gray matter) and ε 2 = 16.473764, σ 2 = 0.259788 for skull at 1 GHz [6] . The magnetic properties of the layers are denoted as µ 1 = µ 2 = µ 0 . The head model, including skull and thick brain (gray matter) is of total diameter 16 cm with b 1 =7 cm and b2=8 cm. The double-layered cylinder has the same size so a 1 =7 cm, and a 2 =8 cm.
The continuity of the fields at the r =a 1 , a 2 , b 1 , b 2 , b 3 between different layers has been checked and verified numerically. The validity of the boundary conditions on the ellipse has also been checked. Subsequently, several trials are conducted with a matching layer that covers the head model having various dielectric properties while their thickness varies from 1 cm to 2 cm. The results of the computation are depicted in figures 3 and 4.
At the low operational frequency it is observed that the penetration depth is high in all cases. When n b3 is √ 12 a higher detection depth is achieved at both frequencies for all cases. In the second case an increased sensitivity in focusing when moving the head is observed for both frequencies. In the third case focusing sensitivity is once again observed when moving the source and the resulting image appears as if the head has moved to the right.
At the low frequency a matching layer of 1cm is adequate to increase detection depth and sensitivity as more trials have been conducted with a matching layer of 2 cm and there is no significant change in the resulting image. At the higher frequency the thickness has to be at least 2 cm in order to achieve a higher penetration depth. The incident field, the one without reflections is reduced as the antenna is more realistically modelled.
Discussion and conclusion
The results show improvement of the system attributes by using the above mentioned matching material setups whereas artefacts present in previous studies deriving from the antenna modeled by a single current source, have been minimized. Sensitivity of the system focusing properties is observed when the head or the source center is moved away from the system geometrical focal areas. Ongoing research focuses on placing a dielectric layer consisting of left handed metamaterial on the surface of the human head model for further focusing improvement. Experiments with the optimized structure will be conducted in phantoms and biological tissues.
